Abstract: Paper manufacturing involves the sequential removal of water from pulp by means of gravity, vacuum dewatering, mechanical pressing and thermal drying. This research proposes a new control topology for moisture content using surrogate measurements to infer in-process moisture content, and the pressure settings in the vacuum dewatering section as actuators. The new topology has the potential to overcome the performance, robustness and energy efficiency limitations that the current process control topology has, due to a long dead-time and excessive use of the dryers. A preemptive control law was previously proposed for the new topology to decouple the upstream disturbances from propagating downstream in the process. In this paper, we develop an adaptive version of this pre-emptive controller to alleviate the need to know the dewatering coefficients precisely. The adaptive control problem has the interesting aspects that the unknown parameters are nonlinearly embedded in the error dynamics, and there is a time delay before the error in the estimated parameters can be observed.
INTRODUCTION
Paper manufacturing (Fig.1) involves the sequential removal of water from pulp with 99.5% moisture by means of gravity, vacuum dewatering, mechanical press, and thermal drying in a paper machine, to form the final product with moisture content of 4 £ 8%. Uniform and accurate moisture content of the final product is a key quality measure. Current process control strategies make use of an online moisture content scanner at the end of the paper machine to adjust the steam pressure in the dryer sections. Although a variety of control laws have been proposed (e.g. P-1 Research supported by the National Science Foundation grant ENG/DMI-0085230. 2 Email: pli@me.umn.edu 3 Email:petar@me.umn.edu Cui et al., 1999; Polat et al., 1992; Polat et al., 1987; Tietz and Schlunder, 1993) . The fundamental quantitative relationships between air flow, moisture content and other factors are currently being experimentally investigated.
Based on the concept of surrogate in-process moisture content measurements, a pre-emptive distributed control approach was proposed in (Li et al., 2001) . In this approach, there is a desired target moisture content for each dewatering (or suction) box. The surrogate moisture content measurements are used as local feedback for that dewatering box and are provided for the downstream dewatering box to pre-emptively eliminate the moisture content error due to the deviation of the incoming moisture content from nominal values.
Although the pre-emptive control law in (Li et al., 2001) does have some robustness properties due to the measurements and actuation being co-located, for preemptive error elimination to be successful, the dewatering coefficients K i of each dewatering box i must be known. This is not realistic in application because K i depends on pulp composition which is a major uncertainty in the process. In this paper, an adaptive pre-emptive control law is proposed to relax the need for knowing K i precisely. The interesting aspects of this adaptive control problem are that a) the unknown parameters K i 's are embedded nonlinearly in the error dynamics; b) because estimation errors of the K i 's affect the error dynamics in the downstream dewatering boxes, there is a significant transport delay before the effect of K i estimation error and the time when the effects are observed. To overcome these difficulties, we utilize 1) a similar adaptive control strategy for nonlinearly parameterized systems proposed in (Ai-Poh et al., 1999; Annaswamy et al., 1998) , 2) a first order system approximation of the time delay to derive the adaptation law, and 3) a tuning function to take care of any approximation errors. The proposed control law causes the moisture content error to converge to its nominal value within a predefined desired precision.
The paper is organized as follows. The development of the control design model is given in Section 2. Section 3 presents the original preemptive control algorithm. The robustness of the preemptive control scheme to model parameter uncertainty is analyzed in section 4. The adaptive control algorithm is presented in section 5. Section 6 presents the simulation results that illustrate the usefulness of the approach. Section 7 contains some concluding remarks.
SYSTEM MODEL
The one-lump vacuum dewatering box model developed in (Li et al., 2001; Bjegovic, 2001 ) is given by:
where w i t is the total moisture content in the domain of the i
N-th dewatering box, v is the transport speed, c i# 1 ¡ out t is the exit moisture content of the i£ th box (taken to be the exiting moisture content at the end of the gravity section when i 1), τ i is the transport delay between the i £ 1st and the i£ th boxes,
K i denotes the dewatering coefficient assumed to be constant in time and in the domain of the i-th dewatering box, B is the length of the dewatering slot length, and P i t is the pressure difference applied on a paper sheet, which is the manipulated variable. The exit moisture content c i
The complete derivation of the vacuum dewatering box model can be found in (Bjegovic, 2001 ).
PREEMPTIVE CONTROL USING SURROGATE MEASUREMENTS

Control problem formulation
The control objective is to control the pressure settings P i so that for each i
w i which is the target moisture content for each vacuum dewatering box i. w i are designed so that water removal takes place gradually without saturating the control or causing catastrophic sealing of the sheets. We assume that w i , i
where Ω i :
, in which P i is the nominal operating pressure, and
is the target exit moisture content, c 0 ¡ out is taken to be the nominal incoming slurry moisture content, and P i is the nominal pressure setting. 
Preemptive control law
The basic pre-emptive control strategy is to choose
or equivalently,
where 1 
Remark: Given choices for Ω i in (7), the actual pressure settings P i are obtained by inverting (2), which is invertible for Ω i G vQ B (until pressure saturation limits occur).
From (8), it is obvious that the control law Eq.(7) increases the convergence rate using local feedback and compensates for any discrepancy in the incoming moisture content to the present box. In particular, if λ f f ¡ i is chosen to be 1, and λ f b
0, then the effect of any upstream disturbances will be completely decoupled from the i-th box and e i converges to 0 exponentially.
The localization of the feedback information to the present dewatering box and its neighbor can be conceptualized as a Smart Vacuum Dewatering Box which controls its own total moisture content, and provides an estimate of the exiting moisture content to its neighbors. The complete control scheme is made up of the interconnection of such Smart Vacuum Dewatering boxes.
EFFECT OF THE PARAMETRIC UNCERTAINTY
We analyze the effect of uncertainty in the dewatering transport coefficients K i . (4) with K i# 1 substituted byK i# 1 . Then, the computation of the control effort P i will be based on:
Here,ĉ 
Similarly, we can define
The error dynamics for i
Under normal operating conditions, we expect that the exponents in 
From Eq.(15), the error bound can be obtained as: 
ADAPTIVE CONTROL
The poor knowledge of the process parameters K i directly affects the performance of the preemptive control algorithm, as shown in Eqs. (13) and (15). In the vacuum dewatering process, these coefficients are expected to vary due to changes in paper basis weight and pulp composition. These variations of the process parameters are very slow, compared to the dynamics of the process in the vacuum dewatering section, so we can assume that each K i is unknown, but constant. In this section, we develop an adaptive control approach in order to cope with the uncertainty in the process parameters K i .
The proposed adaptive control algorithm provides error convergence within a predefined desired precision ε, in the case of unknown parameters K i . The following assumptions are made: 1) measurements of the state variable w i t are correct, 2) the parametric uncertainty is bounded such that each constant but unknown parameter K i belongs to a known compact set 
The purpose of introducing a tuning gain which is first introduced in (Ai-Poh et al., 1999; Annaswamy et al., 1998) , is to cope with error in the approximations to be introduced later. In Eq. (16) 
wheref
Following (Annaswamy et al., 1998) , define the desired control precision ε G 0 of the measured total moisture content w i , so that when this error is taken to be acceptable. Introduce the synthetic error (Fig.2) , To cope with the time delay issue, we introduce the approximation:
where the effect of the time delay is approximated by the first order dynamics:
Here, the relation between transport time delay τ i and constant λ i is defined as:
Define the Lyapunov function candidate for the i£ th dewatering box: 
Now, approximate the term with the nonlinear parameterization by a linear parameterization term, and utilize the approximations in Eq. (20), and that s i " S c 1.
be the error associated with these approximations:
The value of
e " e ∞ denotes the supremum of the magnitude of the argument, has to be estimated. The bound on ∆ i exists, since 1) the uncertain parameters belong to a known, bounded set, and 2) the error due to approximating the effect of the known 
Parametric adaptation algorithm (PAA) is defined as follows. In order to cancel out the linearized term in Eq. (25), we neeḋ
If we use the relation given by Eq. (22), PAA then consists of (22) and the feedback,
Finally, the tuning gain θ i t is designed so that discrepancy due to the given approximation errors (for using a linear parameterization, and for using a first order system to model a time delay) does not adversely affect the sign ofV . This condition is satisfied if:
Therefore, we can define the tuning gain to be:
where s i denotes the lower bound on s i " h , with respect to the worst-case parametric uncertainty. Theorem 1. Consider the system with the bounded parametric uncertainty and the transport time delay τ i between control sections, modeled by Eq.(1). For the complete feed-forward based control given by Eq.(16), process parameter updating equation (26), and with the tuning gain defined as in (28) 0. Therefore, the error in the total moisture content converges to a region ε around the origin. This completes the proof.
SIMULATIONS
The proposed control system is simulated for the paper machine with N=6 dewatering boxes of slot length B We consider the situation when there is a 20rad Q s sinusoidal disturbance at the incoming moisture content, with the magnitude of 1kgQ kg. The nominal preemptive controller with perfect knowledge of K i (Fig.  3 ) enables the moisture content w i to converge to the desired values towards the last vacuum box. At the other boxes, the effect of the disturbances has been gradually attenuated. Convergence does not occur at each box because of the saturation limits.
To test the adaptive control algorithm, 25% deviation in the nominal process parameters K i 's are also assumed. The actuator saturation limits are relaxed to 50% for this case. Fig.4 shows the desired and actual total moisture content with and without the adaptation after the 4-th vacuum box. Time trajectory of moisture content with adaptation converges to the nominal value within the defined precision ε 10 # 4 kgQ kg, although the estimate of the process parameter does not converge to its actual value (Fig.5) . This is because for the i£ th box, uncertainties in both K i# 1 and K i affect e i , but only K i is adapted based on e i . It can also be shown that if the time delay is not taken into consideration, the adaptive controller would be unstable.
CONCLUSION
In this paper, we presented an adaptive version of the pre-emptive control law presented in (Li et al., 2001) for the control of vacuum dewatering in paper manufacturing. The two key aspects of this problem are the nonlinear parameterization and the time delay. Both issues are dealt with analytically. The proposed control law has been validated in simulations, even in the presence of input saturation. Since the availability and accuracy of the moisture content estimates from air-flow measurement is critical to the success of the proposed control approach, our current research aims to experimentally develop such a model.
